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cyclodextrinAbstract Heavy metal ions are discharged into water from several industries. They are carcino-
genic and they cause severe environmental hazards. In the present work the ability of removal of
copper and lead from aqueous solutions has been studied using carboxy methyl b cyclodextrin,
poly(ethylene glycol) b cyclodextrin and their magnetic counterparts. Effects of pH, concentration
of the metal ion, temperature and contact time have been studied. Equilibrium isotherms for the
adsorption of the metals were measured experimentally. Results were analysed at different temper-
atures and the characteristic parameters for each adsorption isotherm were determined. The adsorp-
tion process has been found exothermic in nature and thermodynamic parameters, Gibb’s free
energy (DG), change in enthalpy (DH) and change in entropy (DS) have been calculated. The paper
also includes results on the kinetic measurements of adsorption of the metal on modified b cyclodex-
trin and their magnetic nano composites at different temperatures. It was found that poly (ethylene
glycol) b cyclodextrin showed better performance than carboxy methyl b cyclodextrin.
 2016 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).1. Introduction
Toxic heavy metals are considered one of the major pollutants
that affect man and animals directly. They are not biodegrad-
able and can accumulate in living organisms [1] Industrial
wastewater containing lead, copper, cobalt and chromium,
etc for example can contaminate groundwater resources and
thus lead to a serious groundwater pollution problem [2,3].The hazardous effects of some heavy metals are listed below
in Table 1. Water of high quality is essential to human life
and water of acceptable quality is essential for other activities
such as agriculture, industrial, domestic and commercial uses.
All these activities pollute the water when thrown to freshwa-
ter every day. As known, fresh water resources decrease
remarkably day by day [4,5]. The task of providing proper
treatment facility for all polluting sources is very difficult
and also expensive. Therefore, there is an increased demand
for innovative and low cost technologies. The adsorption tech-
nique is favoured over other methods since it is environmen-
tally safe, economical and technically easy to separate as the
requirement of the control system is minimum [6–9]. Insteadgypt. J.
Table 1 The hazardous effects of some heavy metals.
Heavy
metal
Toxicities MCL
(mg L1)
Arsenic Skin manifestations, visceral cancers and
vascular disease
0.050
Cadmium Kidney damage, renal disorder, human
carcinogen
0.01
Chromium Headache, diarrhoea, nausea, vomiting,
carcinogen
0.05
Copper Liver damage Wilson disease, insomnia 0.25
Nickel Dermatitis, nausea, chronic asthma,
coughing, human carcinogen
0.20
Zinc Depression, lethargy, neurological signs
and increased thirst
0.80
Lead Damage to the foetal brain, diseases of
the kidneys and circulatory system
0.00003
2 A.F. El-Kafrawy et al.of using synthetic adsorbents or commercial activated carbon,
researchers have worked on inexpensive materials such as egg
shell [10], orange peels [11], oil palm shell [12], shrimp shell [13]
and other adsorbents [14–17], which have high adsorption
capacity and are locally available. Cyclodextrins are molecular
chelating agents. They possess a cage-like supra-molecular
structure thus they attract attention as strong adsorbents of
natural origin [18–20].
Cyclodextrins are cyclic oligosaccharides consisting of six
a-cyclodextrin, seven b-cyclodextrin, eight c-cyclodextrin or
more glucopyranose units linked by a-(1,4) bonds.
b-Cyclodextrin is the most accessible, the lowest-priced and
generally the most useful. Fig. 1 illustrates the chemical struc-
ture of b-cyclodextrin [21]. b-cyclodextrin as a renewable and
biodegradable compound has the ability to chelate various
metal ions and this ability can be improved by chemical mod-
ification through esterification, etherification, oxidation reac-
tions and cross-linking of hydroxyls outside the interior
cavity [22]. Though b-cyclodextrin/metal complexation has
been used in the removal of heavy metals [23], very little atten-
tion has been paid to the kinetics of adsorption and selectivity
of heavy metal ions on these magnetic adsorbents. In this
work, b-cyclodextrin was modified chemically by two methods:Figure 1 Chemical struc
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tion (poly (ethylene glycol) b-cyclodextrin). A comparative
study between the efficiency of the modified b-cyclodextrins
and their magnetic counterparts in removing some heavy met-
als was carried out. The mechanism of metal removal, kinetics
of adsorption and the factors affecting the adsorption process
were considered.
2. Materials and methods
2.1. Chemicals
All the chemicals used in this work are of analytical grade and
purchased from Sigma–Aldrich Company. They include: Iron
(II) chloride tetrahydrate, iron (III) chloride hexahydrate,
chloroacetic acid, ammonium hydroxide (25%), lead(II)
nitrate and copper (II) nitrate, b-Cyclodextrin, b,b0 dichloro
diethyl ether and poly(ethylene glycol) M.wt 1000. The water
in this work was double-distilled water.
2.2. Synthesis of CM-b-CD polymer [24,25]
CM-b-CD polymer was prepared as follows: In a 1 L flat bot-
tom flask, 5 g of b-cyclodextrin was dissolved in 50 ml of 10%
NaOH then 10 ml of epichlorohydrin was added. The system
was vigorously stirred for 8 h before another 5 ml of epichloro-
hydrin was added with continuous stirring and the mixture
kept overnight at room temperature. The solution was concen-
trated to about 15 ml and precipitated by addition of 500 ml of
cold ethanol. The precipitate was crushed several times with
ethanol in a mortar until a fine precipitate was obtained. For
further purification, the precipitate was then washed again
with ethanol and acetone and dried in a vacuum oven over-
night. The yield of b-CD/epichlorohydrin co-polymer was
72%. Five grams of the above polymer was further dissolved
in 50 mL 5% NaOH and 5 g of mono chloroacetic acid was
added. The system was vigorously stirred for 24 h then neutral-
ized with 2 MHCl, concentrated to about 15 ml and cooled to
4 C. The precipitated NaCl was filtered off and the super-
natant was precipitated by addition of 500 ml cold ethanol.
The precipitate was crushed with ethanol until a fine powder
was obtained. The yield of CM-b-CD polymer was 55%.
The molecular weight of this polymer (Mp = 10,200,ture of b-cyclodextrin.
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Table 2 Codes and composition of the modified b-CD.
Code Composition
CM-b-CD Carboxy methyl b cyclodextrin polymer
M-CM-b-CD Carboxy methyl b cyclodextrin magnetic
nanocomposite
PEG-b-CD Poly ethylene glycol b cyclodextrin polymer
M-PEG-b-CD Poly ethylene glycol b cyclodextrin magnetic
nanocomposite
Removal of heavy metals by natural polymer-based adsorbents 3Mw= 12,820 and Mn= 12,450) was determined by gel
permeation chromatography, Jordi Gel xStream H2 O
TM.
2.3. Synthesis of CM-b-CD magnetic nanocomposite (M-CM-
b-CD)
CM-b-CD polymer was fabricated by co-precipitation method.
Briefly, 0.92 g of FeCl24H2O,2.7 g FeCl36H2O and 1.9 g
CM-b-CD polymer were dissolved in 50 ml of de-ionized water
with vigorous stirring at a speed of 1200 rpm. After the solu-
tion was heated to 90 C, 5 ml of NH4OH (25%) was added.
The reaction was continued for 1 h at 90 C under constant
stirring and nitrogen environment. The resulting nanoparticles
were then washed several times to remove any unreacted chem-
icals and dried in a vacuum oven for two hours.
2.4. Synthesis of PEG-b-CD polymer
In a 500-mL round flask fitted with a mechanical stirrer,
Dean–Stark side arm, and digital temperature controller
(Prolabo S-09), 0.01 mol of b-cyclodextrin is dissolved in a
mixture of 0.01 mol of b,b0 dichloro diethyl ether, and
0.01 mol of polyethylene glycol. 0.02 mol of NaOH was added1) Cl - ( CH2 -CH2 - O ) 2 - Cl
BB' dichloro diethyl ether
2) H - O - ( CH2 -CH2- O) n -H
PEG 1000
CH2 - CH2 - O - ( CH2 - CH2 - O ) n - H
PEG - B - CD
CH2OH
B-CD
CLCH2COOH
CM -B-CD
CH2OCH2C
O
O
Scheme 1 Modification
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and adjusted at 170 C until the calculated amount of water
is collected (0.02 mol). At the end of the reaction, the product
is treated with an equal volume of saturated NaCl solution,
and then neutralized with dil. HCl. The temperature of the
mixture is raised to boiling and maintained for an hour. The
upper layer was separated and dried in a vacuum oven at
50 C to a constant weight.
2.5. Synthesis of M-PEG-b-CD polymer
M-PEG-b-CD polymer was prepared by co-precipitation
method. Briefly, 1.4 g of FeCl24H2O, 3.9 g FeCl36H2O and
12.7 g PEG-b-CD polymer were dissolved in 70 ml of de-
ionized water with vigorous stirring at a speed of 1200 rpm.
After the solution was heated to 90 C, 9 ml of NH4OH
(25%) was added. The reaction was continued for 2 h at
90 C under nitrogen environment. The resulting nanoparticles
were rinsed with distilled water several times to remove any
unreacted chemicals and dried in a vacuum oven for two
hours.
The notation of the prepared compounds and their codes
are provided in Table 2, moreover, all the previous reactions
are provided in Scheme 1. The codes and composition for
the prepared compounds are given in Table 2.
2.6. Adsorption and adsorption kinetics of heavy metal ions [26]
The uptake capability of the b-CD polymer and their
nanocomposites for lead and copper ions was studied using
the batch equilibrium method at different application condi-
tions. An accurately weighed polymer sample (0.05 g) was sus-
pended in the metal solution and shaken for 4 h (which was
enough for achieve equilibrium) in atmospheric conditions.
Then, the adsorbents were removed from the solution byO
H
O
OH
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OHH
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reactions of b-CD.
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4 A.F. El-Kafrawy et al.magnetic separation. The concentration of the metal ion in the
filtrate was measured by using atomic absorption spectrome-
ter/ZEEnit 700P/Analytikjena Co./Germany.
The amount of adsorbed ions was determined by difference
between the initial and final concentration of the metal.
For the kinetic experiments, the initial metal ion concentra-
tion used was 300 mg L1 and the pH used was 5.5. At differ-
ent time intervals, samples were collected after magnetic
decantation and the concentrations of studied pollutants were
determined. In the binary adsorption experiments, the studied
metal ions were added in equal mass concentration (each
150 mg L1) to a 10 ml solution contained in the vial. The vials
were shaken at 800 rpm for 2 h to ensure equilibrium before
the magnetic nanoparticles being removed and the concentra-
tions of remaining metal ions were measured as mentioned
previously.
2.7. Characterization of the materials
A Field Emission Transmission Electron Microscopy
(JEOL2011F) was used to determine the size and morphology
ofmagnetic particles. The samplewas prepared by coating a thin
layer of diluted magnetic particle suspension on a gold grid (200
mesh). The gold film was then dried at room temperature forFigure 2 IR spectra of a-CM-b-C
Table 3 The most characteristic peaks for the modified b-CDs.
The compound The most characteristic peaks Data interpr
CM-b-CD  The broad band at 3300–3500 cm1  AOH stret
 A strong peak at 2850 cm1  CAH aliph
 The peak at 950 cm1  R-1,4-bond
 Two peaks at 1030 and 1170 cm1  Asymmetri
 A peak at 1750 cm1  carbonyl g
PEG-b-CD  The broad band at 3300–3500 cm1  AOH stret
 Two peaks at 1070 and 1200 cm1  Asymmetri
 A peak at 1350 cm1  Methylene
b-CD  The broad band at 3200–3500 cm1  AOH stret
 Two peaks at 1055 and 1180 cm1  Asymmetri
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polymer onto the surface of Fe3O4 nanoparticle was monitored
by Fourier transform infrared spectroscopy (FTIR) and X-ray
diffraction (XRD). FTIR measurements were performed using
Shimadzu infrared spectrometer (Model400) on KBr disc over
the range of 4000–400 cm1. X-ray diffraction (XRD) analysis
was carried out on Shimadzu XRD 2000.
Thermo gravimetric Analysis (TGA) was carried out to
measure the changes in the weight loss of the sample as a func-
tion of temperature and time thermal analysis technique is
used. The thermo gravimetric analysis (TGA) was performed
on a thermal analysis system (Model: TA 2050). For TGA
measurements, 7–15 mg of the dried sample was loaded into
the system and the mass loss of dried sample was monitored
under N2 at temperatures ranging from room temperature to
800 C at a rate of 10 C/min.
3. Results and discussion
3.1. Synthesis and characterization of magnetic nanoparticles
The detailed synthesis procedures of modified b-CD are shown
in Scheme 1. The characterization of these nano-sized particles
and their magnetic counter parts was performed by FTIR,D, b-PEG-b-CD and c-b-CD.
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Figure 3 TEM images of a-M-CM-b-CD and b-M-PEG-b-CD.
Figure 4 the TGA curves for a-M-PEG-b-CD and b-PEG-b-
CD.
Figure 5 The effects of initial solution pH on Cu2+ and Pb2+ adsorp
metal ion concentration of 150 ppm).
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CD in the 400–4000 cm1 wave number range are given in
Fig. 2a–c respectively. The most characteristic peaks and their
interpretation are summarized in Table 3.
TEM images and particle size distributions of M-CM-b-CD
and M-PEG-b-CD are shown in Fig. 3(a) and (b) respectively.
Spherical or ellipsoidal shaped magnetic nanoparticles can be
observed. The mean diameter of both M-CM-b-CD and b-
M-PEG-b-CD is about 11–14 nm. This indicates that binding
process did not significantly result in the agglomeration and
more changes in their sizes.
The amount of polymer grafted on Fe3O4 magnetic
nanoparticles is estimated from TGA analyses of uncoated
and PEG-b-CD coated magnetic nanoparticles. As shown in
Fig. 4 a and b, the TGA curves for M-PEG-b-CD and PEG-
b-CD exhibited two steps of weight loss, contributed from
the loss of residual water in the sample in 50–220 C and the
loss of PEG-b-CD in the range of 220–450 C. From the
TGA curve for M-PEG-b-CD and PEG-b-CD, a drastic drop
of 5% and 13%, respectively can be seen in the range 220–
450 C and it is contributed from the thermal decomposition
of PEG-b-CD moieties. Below 220 C, the rate of weight losstion onto modified b-CD polymers (pH 2–5.5, 25 C, and an initial
al polymers for removal of some heavy metals from aqueous solution, Egypt. J.
Figure 6 The effects of initial solution pH on Cu2+ and Pb2+ adsorption onto modified b-CD polymers (pH 2–5.5, 25 C, and an initial
metal ion concentration of 300 ppm).
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Figure 7 Percentage removal of Cu ion by CM-b-CD and M-CM-b-CD at different temperatures (at pH 5.5 and 50 ppm of the
adsorbent).
6 A.F. El-Kafrawy et al.is relatively slow due to the loss of residual water adhering to
the sample surface and adsorbed in the CD cavities and
entrapped between PEG chains. Thus, the TGA curves also
confirm the successful grafting of PEG-b-CD molecules onto
the magnetic surface.
3.2. Adsorption of metal ions on modified b-CD polymers
3.2.1. Effect of pH
The pH of the aqueous solution is a very important parameter
in controlling the adsorption process [27–30]. The effects of
initial solution pH on Cu2+ and Pb2+ adsorption onto modi-
fied b-CD polymer were investigated at pH 2–6, 25 C, and an
initial metal ion concentration of 150 and 300 mg L1. AsPlease cite this article in press as: A.F. El-Kafrawy et al., Adsorbents based on natur
Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.02.007shown in Figs. 5 and 6, it is noteworthy that the adsorption
capacity of metal ions increases with the solution pH at an ini-
tial ion concentration of 150 mg L1. This might be due to the
less insignificant competitive adsorption of hydrogen ions
[31,32]. At a higher initial ion concentration (300 mg L1),
the adsorption capacity remarkably decreases with decreasing
the solution pH due to enhanced competition between the
hydrogen ions and the metal ion in the solution. It is obvious
that the affinity of the investigated polymers towards lead ions
is greater than towards copper ions. It is well known that Cu
(II) species can be present in aqueous solution in the forms
of Cu2+, Cu(OH)+, Cu(OH)2, Cu(OH)3 and Cu(OH)4 and
the predominant copper species at pH < 6.0 is Cu2+ [33,34].
Therefore, less adsorption of Cu2+ that takes place can beal polymers for removal of some heavy metals from aqueous solution, Egypt. J.
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Figure 8 Percentage removal of Cu ion by PEG-b-CD and M-PEG-b-CD at different temperatures (at pH 5.5 and 50 ppm of the
adsorbent).
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Figure 9 Percentage removal of Pb ion by CM-b-CD and M-CM-b-CD at different temperatures (at pH 5.5 and 50 ppm of the
adsorbent).
Removal of heavy metals by natural polymer-based adsorbents 7explained by the fact the H+ ions compete with copper cations
for the same adsorption sites [35]. The adsorption studies atPlease cite this article in press as: A.F. El-Kafrawy et al., Adsorbents based on natur
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The effect of temperature on the adsorption isotherm was
investigated under isothermal conditions in the temperature
range of 25–55 C and at pH 5.5. Figs. 7–10 show the effect
of temperature on metal removal by the modified b-CD poly-
mers. It is obvious that there is an optimum temperature and
time to achieve maximum metal uptake by the investigated
samples. For CM-b-CD and M-CM-b-CD, the maximum
metal uptake of Copper ions was reached after an hour at
45 C and after 45 min at the same temperature for Pb ion.
It was observed that the percentage ion uptake decreases by
increasing the temperature from 45 C to 55 C. This may be
due to that metal ions may acquire higher kinetic energy on
higher temperature. This leads to increase the rate of desorp-
tion than the rate of adsorption. Furthermore, at higher tem-
perature, the interaction between the metal and the active
sites becomes weaker which cause the metal ions to re-
dissolve in the solution. Our finding runs in harmony with
the results obtained by Chen et al. [36].
3.2.3. Effect of contact time
Figs. 7–10 show the effect of contact time on adsorption of
metal ions onto modified b-CD polymers. It can be seen that
a rapid adsorption occurs, with different equilibrium times
that differ from sample to another. The minimum equilibrium
time was 45 min for b-CD polymers modified with PEG
whereas the maximum equilibrium time was 60 min for car-
boxymethyl b-CD polymer. This suggests that modified b-
CD polymers could easily and rapidly abstract metal ions fromTable 4 Adsorption kinetic parameters of Cu+2 onto the b-CD mo
The adsorbent The temp. (C) K1 (min1) Qe.cal (mg/g)
CM-b-CD 25 0.0062 18.7
35 0.0091 22.4
45 0.0140 50.0
55 0.0084 34.6
M-CM-b-CD 25 0.0074 20.1
35 0.0095 24.4
45 0.0156 50.0
55 0.0093 37.7
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absence of internal diffusion resistance. Rapid adsorption rate
for copper removal has also been observed using several mag-
netic nanoparticle based nano-adsorbents [37,38]. It was found
that the adsorption by b-CD modified with PEG reaches equi-
librium faster than b-CD modified with the carboxy methyl
group. This may be explained by the greater affinity of PEG
chains towards the metal ions and their better abstraction
power due to the coiling of the chains which provides more
adsorption sites. This explains the higher adsorption rate of
b-CD – PEG polymers where they achieve complete metal
removal at shorter adsorption time. Upon reaching equilib-
rium, the rate of adsorption equals the rate of desorption.
3.2.4. Rate of adsorption and adsorption kinetics
The plots in Figs. 7–10 show the rate of adsorption of lead ions
is faster than that of copper ions. This may be due to the
higher ionic strength of lead over copper.
The free energy change (DG) for adsorption was calculated
using the following equation:
DG ¼ RT lnKa ¼ RT lnKc ¼ RT lnðCads=CeÞ ð1Þ
where T is the temperature (K), R the gas constant (J mol1
K1), Ce the metal ion concentration in solution at equilibrium
and Cads the concentration of metal ion adsorbed at equilib-
rium. The values of Ka are listed in Tables 4 and 5 for Cu
+2
and Pb+2 respectively.
lnKa ¼ DH
RT
þ DS
R
ð2Þdified nano-adsorbents at pH 5.5 and different temperatures.
The adsorbent The temp. (C) K1 (min1) Qe.cal (mg/g)
PEG-b-CD 25 0.0067 19.1
35 0.0094 23.6
45 0.0151 50.0
55 0.0086 36.2
M-PEG-b-CD 25 0.0076 23.1
35 0.0097 25.3
45 0.0160 50.0
55 0.0097 38.0
al polymers for removal of some heavy metals from aqueous solution, Egypt. J.
Table 5 Adsorption kinetic parameters of Pb+2 onto the b-CD modified nano-adsorbents at pH 5.5 and different temperatures.
The adsorbent The temp. (C) Ka (min1) Qe.cal (mg/g) The adsorbent The temp. (C) Ka (min1) Qe.cal (mg/g)
CM-b-CD 25 0.0074 20.4 PEG-b-CD 25 0.0082 29.4
35 0.0101 25.4 35 0.0104 31.6
45 0.0153 55.0 45 0.0155 57.2
55 0.0094 44.6 55 0.0097 48.7
M-CM-b-CD 25 0.0079 24.6 M-PEG-b-CD 25 0.0081 30.9
35 0.0111 27.9 35 0.0115 33.3
45 0.0158 55.7 45 0.0164 57.2
55 0.0097 39.4 55 0.0097 40.4
Table 6 Thermodynamic parameters of metal adsorption.
The
adsorbent
The temp.
(C)
DG
kJ mol1
DH
kJ mol1
DS
kJ mol1 K1
The
adsorbent
The temp.
(C)
DG
kJ mol1
DH
kJ mol1
DS
kJ mol1 K1
CM-b-CD 25 3.431 22.21 0.0523 PEG-b-CD 25 3.226 22.78 0.0561
35 3.115 20.99 0.0517 35 3.179 21.21 0.0542
45 2.994 19.34 0.0503 45 2.846 19.06 0.0521
55 3.008 20.78 0.0512 55 3.012 20.18 0.0509
M-CM-b-CD 25 3.351 23.74 0.0544 M-PEG-b-CD 25 3.109 23.77 0.0511
35 3.092 23.11 0.0568 35 2.915 22.19 0.0525
45 2.875 22.77 0.0555 45 2.878 21.23 0.0510
55 3.117 23.08 0.0570 55 3.015 22.56 0.0546
Removal of heavy metals by natural polymer-based adsorbents 9Values of DH and DS can be obtained from the van’t Hoff
plots of ln Ka versus 1/T from the slopes and intercepts, respec-
tively (not provided).
The calculated thermodynamic parameters are listed in
Table 6. The negative value of all DG indicates the feasibility
of the process and spontaneous nature of metal ion adsorption
onto modified b-CD adsorbents. Moreover, the magnitude of
DG increases with increasing temperature from 25 to 45 C
indicating that adsorption is enhanced in this temperature
range. Then the magnitude DG decreases at 55 C indicating
that the adsorption is not favourable at higher temperatures.
It can be seen that the adsorption by magnetic nanoparticles
is enhanced over non-magnetic counterparts. The changes of
enthalpy (DH) and entropy (DS) at 25–55 C were also deter-
mined. The negative value of DH confirms the exothermic nat-
ure of adsorption, i.e. spontaneous adsorption.
3.3. Mechanism of adsorption
It is reported that due to its specific characteristics (the pres-
ence of cyclodextrin moieties and complexing chemical
groups), the sorption mechanism of cyclodextrin based materi-
als is different from those of other materials [39]. The main
interactions in the complexation process between cyclodextrin
and other organic molecule are dipole–dipole, hydrogen bond-
ing, electrostatic, van der Waals, hydrophobic and charge
transfer interaction [40]. Among these forces, hydrophobic
interactions have been mostly recognized as the main factors
involved in the inclusion complex with cyclodextrin. In this
study, the adsorption of metal ions is found to be pH depen-
dent and the chelation between the active sites in the cyclodex-
trin and the metal ions depending on various pHs plays an
important role in adsorption efficiency. The data in the
previous sections reveal that the adsorbents based on b-CDPlease cite this article in press as: A.F. El-Kafrawy et al., Adsorbents based on natur
Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.02.007modified by PEG are more efficient than those based on
CM-b-CD. However, the negative values of free energy change
(DG) confirmed the affinity of adsorbents for the metal ions.
4. Conclusion
In this study, a magnetic novel nano-adsorbent comprising
Fe3O4 nanoparticles modified with CM-b-CD and PEG-b-
CD was prepared. Grafting of CM-b-CD and PEG-b-CD onto
the magnetic nano-adsorbents is confirmed by FTIR, TGA,
and XPS analyses. These magnetic nano-adsorbents were used
to effectively remove Cu2+ and Pb2+ from aqueous solution.
The solution pH greatly influenced the adsorption of metal
ions. The optimum temperature of the solution for attaining
maximum adsorption was 45 C. Maximum adsorption of
metal ion was reached after 45 min. It was found that the
CD modified with PEG is more efficient than those modified
with carboxy methyl because the metal affinity of PEG chain
is greater than the metal affinity of the carboxy methyl group.
Furthermore, the adsorption process is spontaneous and
exothermic in nature. The data reveal that the tendency of
the modified b-CD towards Pb2+ is more pronounced than
Cu2+. Both FTIR and XPS analyses clearly reveal that the
oxygen atoms on the polymer are the main binding sites for
the metal to form surface-complexes.
References
[1] N. Sahiner, Turk. J. Chem. 32 (2008) 113.
[2] J. Oremusova, S. Schiewer, B. Volesky, Tech. Rep. 2 (1997) 112.
[3] N. Satarkar, J. Hilt, Acta Biomater. 4 (2008) 11.
[4] M. Amha, Z. Tessema, Y. Belete, P. Tucci, E. Kuniansky, P.
Aggarwal, National Groundwater Resources Assessment
Programme for Ethiopia, 2001, p. 56.al polymers for removal of some heavy metals from aqueous solution, Egypt. J.
10 A.F. El-Kafrawy et al.[5] J. Abromovitz, World watch Institute, Washington, D.C. 5
(1996) 14.
[6] D. Ozdes, C. Duran, H. Senturk, Environ. Manage. 92 (2011)
3082.
[7] Y. Pang, G. Zeng, L. Tang, Y. Zhang, Y. Liu, X. Lei,
Desalination 281 (2011) 278.
[8] F. Qin, B. Wen, X. Shan, Y. Xie, T. Liu, S. Zhang, Environ.
Pollut. 144 (2006) 669.
[9] Z. Reddad, C. Gerente, Y. Andres, P. Le, Environ. Sci. Technol.
36 (2002) 2067.
[10] C. Arunlertaree, W. Kaewsomboon, A. Kumsopa, P.
Pokethitiyook, P. Panyawathanakit, Sci. Technol. 29 (2007) 857.
[11] V. Gupta, A. Nayak, J. Chem. Eng. 180 (2012) 81.
[12] M. Saifuddin, S. Nomanbhay, P. Kumaran, Electron. J.
Biotechnol. 8 (2005) 43.
[13] M. Monarul, S. Masumb, R. Mahbubur, I. Ashraful, M. Islam,
C. Shaikh, S. Roya, J. Basic Appl. Sci. 11 (2011) 117.
[14] N. Rane, R. Sapkal, V. Sapkal, M. Patil, S. Shewale, J. Chem.
Sci. Appl. 1 (2010) 65.
[15] V. Gupta, A. Rastogi, A. Nayak, J. Colloid Interface Sci. 342
(2010) 135.
[16] J. Zheng, H. Feng, M. Lam, P. Lam, Y. Ding, H. Yu, J. Hazard.
Mater. 171 (2009) 780.
[17] H. Zhu, S. Jia, T. Wan, Y. Jia, H. Yang, J. Li, J. Carbohydr.
Polym. 86 (2011) 1558.
[18] G. Crini, J. Prog. Polym. Sci. 30 (2005) 38.
[19] L. Ducoroy, M. Bacquet, B. Martel, M. Morcellet, J. React.
Funct. Polym. 68 (2008) 594.
[20] G. Crini, M. Morcellet, J. Sep. Sci. 25 (2002) 789.
[21] E. Martin, J. Process Biochem. 39 (2004) 1033.
[22] E. Norkus, J. Incl. Phenom. Macrocycl. Chem. 65 (2009) 237.Please cite this article in press as: A.F. El-Kafrawy et al., Adsorbents based on natur
Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.02.007[23] O. Ozay, S. Ekici, Y. Baran, N. Aktas, N. Sahiner, J. Water Res.
43 (2009) 4403.
[24] M. Ferna´ndez, M. Villalonga, A. Fragoso, M. Caob, R.
Villalonga, J. Process Biochem. 39 (2004) 535.
[25] M. AbuZayed, S. Badruddoza, B. Zayed, W. Tay, H. Kus, S.
Mohammad, J. Carbohydr. Polym. 91 (2013) 322.
[26] K. Reem, M. Shimaa, E. Manar, J. Desalination Water Treat. 4
(2015) 1.
[27] D. Zhao, L. Zhao, C. Zhu, W. Huang, J. Hu, J. Incl. Phenom.
Macrocycl. Chem. 63 (2009) 195.
[28] S. Banerjee, D. Chen, J. Nanotechnol. 19 (2008) 265601.
[29] G. Zhao, H. Zhang, Q. Fan, X. Ren, J. Li, Y. Chen, X. Wang, J.
Hazard. Mater. 173 (2010) 661.
[30] C¸. U¨zu¨m, T. Shahwan, A. Erog˘lu, K. Hallam, T. Scott, I.
Lieberwirth, J. Appl. Clay Sci. 43 (2009) 172.
[31] G. Huang, H. Zhang, X. Jeffrey, A. Tim, J. Ind. Eng. Chem.
Res. 48 (2009) 2646.
[32] A. Kare, P. Antje, E. Bjorn, J. Carbohydr. Res. 345 (2010) 1264.
[33] E. Omar, A. Neama, M. Maha, J. Adv. Res. 2 (2011) 297.
[34] T. Kurniawan, G. Chan, S. Babel, J. Sci. Total Environ. 366
(2006) 409.
[35] H. Cho, D. Oh, K. Kim, J. Hazard. Mater. 127 (2005) 187.
[36] S. Chen, Y. Zou, Z. Yan, W. Shen, S. Shi, X. Zhang, H. Wang,
J. Hazard. Mater. 161 (2009) 1355.
[37] Y. Chen, B. Pan, H. Li, W. Zhang, L. Lv, J. Wu, J. Environ. Sci.
Technol. 44 (2010) 3508.
[38] J. Szejtli, J. Chem. Rev. 98 (1998) 1743.
[39] Y. Chang, D. Chen, J. Colloid Interface Sci. 283 (2005) 446.
[40] J. Zheng, K. Chen, H. Yan, S. Chen, G. Hu, X. Peng, J. Yuan,
B. Mai, Z. Yang, J. Ecotoxicol. Environ. 6 (2013) 17.al polymers for removal of some heavy metals from aqueous solution, Egypt. J.
